C
ytotoxic lymphocyte antigen-4 (CTLA-4), which is expressed on T cells only after activation, plays a crucial role in restricting T cell immune responses (1) (2) (3) . Blockade of the inhibitory signals mediated by CTLA-4 has been shown to enhance T cell responses and induce tumor rejection in a number of animal models (4, 5) . A monoclonal antibody to human CTLA-4 has been found to elicit objective responses in clinical trials (6) (7) (8) (9) (10) and is a promising immunotherapeutic agent for the treatment of cancer patients. Clinical trials with anti-CTLA-4 antibody are ongoing in cancer patients with various tumor types, including melanoma, renal cell, and prostate cancers. Prostate cancer patients have been reported to have decreases in the prostate-specific antigen (PSA) tumor marker after treatment with anti-CTLA-4 antibody (10) . Clinical responses in patients with various malignancies have also included partial and complete responses with regression of all detectable tumor lesions in some patients. Disease responses after treatment with anti-CTLA-4 therapy have been limited to a subset (Ϸ10%) of patients. Immune-related adverse events (irAEs) and toxicities have also been reported for a subset of patients. Reported irAEs include dermatitis, colitis, hepatitis, pancreatitis, and uveitis. Published studies suggest that irAEs and clinical benefit occur in the same patients (11) . These data imply that the immunologic impact of anti-CTLA-4 antibody occurs in both tumor tissues and nonmalignant tissues, thereby leading to clinical benefit and irAEs, respectively, in the same patient. Immune monitoring of treated patients for correlation with clinical outcomes is underway as investigators aim to further improve the anti-tumor effects and limit the toxicities of anti-CTLA-4 therapy.
We recently reported increased expression of the inducible co-stimulator (ICOS) T cell molecule on CD4 T cells after treatment of bladder cancer patients with anti-CTLA-4 therapy (12) . ICOS is a T cell-specific surface molecule that is structurally related to CD28 and CTLA-4 and is expressed only after activation (13) (14) (15) (16) . Our data from bladder cancer patients revealed an expansion of CD4 ϩ ICOS hi T cells in both the peripheral blood and bladder tumor tissues of patients treated with anti-CTLA-4 antibody. This CD4 ϩ ICOS hi T cell population included cells that produced the Th1 cytokine interferon-␥ (IFN-␥) when stimulated by the tumor antigen NY-ESO-1 (12) .
Here we report an analysis of prostate tissues obtained from the radical cystoprostatectomy surgeries of 7 treated bladder cancer patients. Three patients had incidental findings of prostate adenocarcinoma (Gleason score 6, 3 ϩ 3) and four patients were found to have nonmalignant prostate tissues. Regardless of tumor status, all 7 prostate tissue samples revealed similar immunologic effects of anti-CTLA-4 treatment: higher frequency of CD4 ϩ ICOS hi T cells and higher ratio of Th1 (IFN-␥) to Th2 (IL-10) cytokine profile. These are the first data demonstrating immunologic changes in prostate tissues after treatment of patients with anti-CTLA-4 antibody and suggest a broad based systemic impact of anti-CTLA-4 in both malignant and nonmalignant tissues. These findings have implications regarding the immunologic events that may contribute to both clinical efficacy and immune-related adverse events associated with anti-CTLA-4 therapy. 
Results

Frequency of CD4
ICOS
hi T cells in the peripheral blood of healthy donors (Ϸ2%) was not different from that of untreated prostate cancer patients (Fig. 1A and B) . However, the frequency of CD4 ϩ FOXP3 ϩ regulatory T cells (17) , was considerably higher in the peripheral blood of prostate cancer patients than in healthy donors (43% vs. 5%, P Ͻ 0.05, Fig. 1 A and  B) . We recently reported variable changes in CD4 ϩ FOXP3 ϩ T cells after treatment of bladder cancer patients with anti-CTLA-4 therapy. In these bladder cancer patients the frequency of CD4 ϩ ICOS hi T cells was as low as shown in Fig. 1 for the prostate cancer patients in pretherapy blood samples; however, there was a significant increase in the frequency of CD4 ϩ ICOS hi T cells in the blood following treatment (12) . Similar results would be expected in patients with different tumor types because anti-CTLA-4 antibody targets T cells and is not tumor specific.
Frequency of CD4 ؉ ICOS hi and CD4 ؉ FOXP3 ؉ T Cells in Prostate Cancer
Tissues. Prostate adenocarcinoma tumor tissues (Gleason scores 6 and 7) from patients undergoing radical prostatectomy as treatment for their disease were obtained and investigated for phenotypic characteristics of tumor infiltrating CD4 T cells. Similar data were obtained from nonmalignant prostate tissues procured from radical cystoprostatectomy surgeries of bladder cancer patients who had removal of both bladder and prostate organs as treatment for their disease. As shown in Fig. 2 , nonmalignant prostate tissues had an average of Ϸ7% CD4 ϩ ICOS hi T cells and Ϸ5% CD4 ϩ FOXP3 ϩ T cells (Fig. 2 A) while prostate cancer tissues from untreated patients had similar frequencies of CD4 ϩ ICOS hi T cells (Ϸ9%) but much higher frequencies of CD4 ϩ FOXP3 ϩ T cells (Ϸ48%) (Fig. 2B ).
CD4
ϩ ICOS hi T cells were on average 3-fold higher in tumor tissues (9 Ϯ 5%, Fig. 2B ) as compared to peripheral blood (3 Ϯ 3%, Fig.  1B ) of prostate cancer patients, which suggests expansion of these cells against specific antigens present within the tumor microenvironment. CD4 ϩ FOXP3 ϩ regulatory T cells had a wide range of expression in both peripheral blood (43 Ϯ 19%, Fig. 1B ) and tumor tissues (48 Ϯ 21% Fig. 2B ) of prostate cancer patients but, was significantly higher (P Ͻ 0.05) than observed in healthy donor blood (5 Ϯ 2%, Fig. 1 A) and nonmalignant prostate tissues (5 Ϯ 3%, Fig.  2 A) . The frequency of CD4 ϩ FOXP3 ϩ T cells measured in peripheral blood of each prostate cancer patient and healthy donor, and in each prostate tumor tissue and nonmalignant prostate tissue is provided in a graphical format (Fig. 2C) . Tumor-infiltrating regulatory T cells have been reported to be similarly high in prostate cancer and other tumor types (18) (19) (20) . Tumor-infiltrating regulatory T cells were previously reported as a potential mechanism for suppressing effector anti-tumor immune responses and as a correlative marker of poor clinical outcome (21) (22) (23) . Conversely, increased intratumoral effector T cells and higher ratios of effector to regulatory T cells in tumor tissues have been associated with improved clinical outcome (24, 25) . Eight consecutive patients with bladder cancer were treated on a presurgical clinical trial with 2 doses of the anti-CTLA-4 antibody ipilimumab with each dose given 3 weeks apart and radical cystoprostatectomy surgery performed 4 weeks after administration of the last dose of antibody. Seven patients had evaluable prostate tissues consisting of 3 incidental cases of prostate adenocarcinoma (Patients 3, 4, and 8) and 4 cases of nonmalignant prostate tissues (Patients 1, 5, 6 and 7) (Table S1 ). Patient 2 is not reported here because this patient had extension of the bladder cancer into the prostate. As shown in Fig. 3 , both nonmalignant prostate tissues ( Fig. 3A) and prostate cancer tissues (Fig. 3B ) had increased frequencies of CD4 ϩ ICOS hi T cells after treatment with anti-CTLA-4 antibody, as compared with untreated tissues (Fig. 2) . Patients 1 and 5, who were found to have nonmalignant prostate tissues, had 29% and 23% CD4 ϩ ICOS hi T cells, respectively, which were about 2-3 times higher as compared to untreated nonmalignant prostate tissues (7 Ϯ 4%, Fig. 2 A) . Similar data regarding ICOS expression was obtained from the nonmalignant prostate tissues of patients 6 and 7 (Table S1 ). Patients 3 and 4, who were found to have prostate cancer, had 31% and 22% CD4 ϩ ICOS hi T cells, respectively, which were also 2-3 times higher in frequency as compared to untreated prostate cancer tissues (9 Ϯ 5%, Fig. 2B ). Similar data regarding ICOS expression was observed in prostate cancer tissues from patient 8 (Table S1 ). CD4 ϩ FOXP3 ϩ T cells were lower in prostate cancer tissues (Fig. 3B ) after treatment with anti-CTLA-4 antibody as compared to untreated prostate cancer tissues (Fig. 2B) . Patients 3 and 4 had 5% and 4% CD4 ϩ FOXP3 ϩ T cells, respectively, as compared to untreated prostate cancer tissues (48 Ϯ 21%, Fig. 2B ). Patient 8 also had a lower frequency of CD4 ϩ FOXP3 ϩ T cells (8% , Table S1 ) as compared to untreated prostate cancer.
Anti-CTLA-4 Therapy Results in Higher Levels of IFN-␥ and T-bet mRNA
in Both Prostate Cancer and Nonmalignant Tissues. Prostate tissues were analyzed for differences in mRNA levels for several genes related to T cell function (Fig. 4) . FOXP3 mRNA levels were found to be lower in prostate cancer tissues from patients treated with anti-CTLA-4 antibody as compared to untreated prostate cancer tissues, which was consistent with data presented in Figs. 2 and 3. Both prostate cancer and nonmalignant tissues had higher mRNA levels for IFN-␥, a Th1 cytokine (26) , and T-bet, a transcription factor responsible for regulating IFN-␥ production (27) , as compared to untreated tissues. IL-2 mRNA levels were also slightly increased in treated tissues as compared to untreated tissues but this increase was not as pronounced as the increase seen for IFN-␥. However, mRNA levels for IL-10, a Th2 cytokine (28), did not differ significantly between groups. Similarly, mRNA levels for GATA-3, a transcription factor associated with IL-10 production (29), did not differ between groups. The average ratio of Th1/Th2 cytokine inferred from the ratio of IFN-␥/IL-10 was notably increased from Ϸ0.2/L in untreated tissues to Ϸ1.5/L in treated tissues, regardless of tumor status.
Therefore, CTLA-4 blockade alters the Th1 to Th2 ratio in both prostate cancer and nonmalignant tissues. (Fig. 5B) . CD4 tumor infiltrating lymphocytes from this patient's prostate sample recognized the NY-ESO-1 tumor antigen with subsequent production of IFN-␥ (Fig. 5B) . As shown in Fig. 5C , these contained a population of ICOS hi cells that produced additional cytokines (TNF-␣) and chemokines (MIP-1␤). 
Discussion
Anti-tumor responses and toxicities that occur as a result of anti-CTLA-4 therapy are both likely to be mediated by immunologic events. Here we present data showing that both nonmalignant prostate tissues and prostate cancer tissues are similarly affected following treatment of patients with anti-CTLA-4 antibody. Both nonmalignant prostate tissues and prostate cancer tissues from treated patients had a higher frequency of CD4 ϩ ICOS hi T cells. CD4 ϩ ICOS hi T cells contain a population of effector T cells leading to a higher ratio of effector to regulatory T cells in tumor tissues after treatment. Similarly, anti-CTLA-4 therapy also leads to a higher ratio of Th1 to Th2 cytokines in tumor tissues. Although these changes are expected to be beneficial in the setting of tumor tissues, and have been correlated with tumor rejection in animal models (30) , it remains questionable as to whether they are detrimental in nonmalignant tissues. It is likely that many factors contribute to the development of irAEs as a result of anti-CTLA-4 therapy. We previously reported that decreased concentrations of plasma IL-10 appear to be associated with irAEs (31) . In our small cohort of patients, we did not observe irAEs in all patients who demonstrated a higher frequency of CD4 ϩ ICOS hi T cells or a higher ratio of Th1 to Th2 cytokines in nonmalignant tissues.
It is possible that the immunologic changes that we observed within prostate tissues are due to the anatomical proximity of the prostate and bladder and are simply an extension of the immunologic changes that are ongoing within the bladder tumor tissues of our patients. Additional tissue samples from anti-CTLA-4-treated patients would need to be studied to determine whether the immunologic changes that we observed are ongoing in other nonmalignant tissues. However, in the only other reported study to analyze tissues after anti-CTLA-4 therapy, the authors demonstrated by immunohistochemical methods that T cell infiltration in nonmalignant and malignant tissues was comparable after patients were treated, thus making it less likely that our data are related to anatomical proximity and supporting the concept of a systemic response induced by therapy. In a previous report it was shown that anti-CTLA-4 therapy led to the development of skin rash in a subset of melanoma patients and biopsies from these nonmalignant areas revealed CD4 and CD8 T cell infiltrates (32) . The authors also demonstrated that biopsies from enlarged lymph nodes of treated patients revealed CD3 T cell infiltration without evidence of HMB-45 and MART-1 expressing melanoma tumor cells. Similarly, in 2 ovarian carcinoma patients who developed diarrhea after treatment with anti-CTLA-4 antibody, biopsies from the gastrointestinal tract revealed CD4 and CD8 T cell infiltration (32) . These findings of dense T cell infiltration in nonmalignant tissues were also seen in biopsies of metastatic melanoma lesions after patients were treated with anti-CTLA-4 antibody (32) . Therefore, it is feasible that anti-CTLA-4 therapy leads to a broad-based systemic activation of T cell responses, which can then lead to irAEs or anti-tumor responses depending on the T cell repertoire and/or additional immunological events that are ongoing in select patients. Interestingly, we could not expand CD4 T cells from tumor tissues that did not express the NY-ESO-1 antigen with our current in vitro culture techniques using the NY-ESO-1 overlapping peptides, which suggests that appropriate antigenic stimuli are likely to be necessary to expand tumor-infiltrating T cells that are specific for other tumor antigens. Similarly, CD4 T cells from nonmalignant prostate tissues did not survive and could not be expanded in vitro as was possible for CD4 T cells from the patient whose prostate cancer expressed the NY-ESO-1 tumor antigen (Fig. 5) . This finding suggests that T cells within nonmalignant tissues may require additional signals before subsequent immunological responses could occur as compared to T cells from tumor tissues.
Previous studies have also documented induction of NY-ESO-1-specific antibody and T-cell responses (12, 32, 33) in patients treated with anti-CTLA-4 therapy. These antigen-specific T cells suggest that only particular subsets of T cells will be able to expand to perpetuate a tissue-destructive immune response, thereby preventing similar immune responses from occurring in nonmalignant tissues. We previously reported that NY-ESO-1-specific T cell responses can be induced in the systemic circulation of prostate cancer patients vaccinated with the NY-ESO-1 DNA vaccine but these responses were suppressed in a subset of patients as a result of regulatory T cell function (34) . Here we show that NY-ESO-1-specific T cells also exist within incidental prostate adenocarcinoma samples obtained from patients treated with anti-CTLA-4 antibody. CD4 ϩ FOXP3 ϩ T cells were less prevalent in tumor tissues after anti-CTLA-4 therapy, which possibly permitted an expansion of effector antigen-specific CD4 T cells. CD4 T cells from an anti-CTLA-4 treated prostate tumor sample had high expression of ICOS and a subset of cells produced Th1-associated factors including IFN-␥, TNF-␣, and MIP-1␤ in response to in vitro stimulation with the NY-ESO-1 antigen. Our data imply a broad based systemic effect of anti-CTLA-4 therapy across tumor types and tissue pathology. The identification of increased ICOS expression on CD4 T cells in both tumor tissues and blood provides a relevant blood-based marker that can be used to monitor patients, including prostate cancer patients, who receive anti-CTLA-4 therapy. Additional studies are warranted to investigate the role of CD4 ϩ ICOS hi T cells and cytokine levels in anti-tumor responses and irAEs.
Materials and Methods
Patients. Tissues were collected from surgical samples including prostate samples of all male patients who were treated by radical cystoprostatectomy for bladder cancer or radical prostatectomy for prostate cancer. Surgical samples from patients who were treated with anti-CTLA-4 therapy were obtained from an ongoing clinical trial wherein bladder cancer patients receive 2 doses of ipilimumab anti-CTLA-4 antibody before surgery, which is performed 4 weeks after the last dose of antibody. Ipilimumab is a fully human monoclonal Ig (IgG1) specific for human CTLA-4 (CD152). The antibody is given at a dose of 3 mg/kg or 10 mg/kg each time, with a 3-week interval between doses. All patients were monitored for safety. This is an ongoing clinical trial. The results reported in prostate tissues reflect data obtained from 7 treated patients (4 patients with nonmalignant prostate tissues and 3 patients with prostate adenocarcinoma). Patient 2 had urothelial carcinoma of the bladder extending into the prostate and his prostate sample was not included in this reported data set. Nonmalignant prostate tissues (n ϭ 5) were obtained from prostate samples of male bladder cancer patients who were treated by radical cystoprostatectomy and who did not participate in the anti-CTLA-4 antibody trial. These patients were consented onto a separate IRB-approved sample acquisition laboratory protocol. Nonmalignant prostate tissues were found to have no evidence of cancer within the tissues by pathology review. Untreated prostate cancer tissues (n ϭ 10) were obtained from prostatectomy samples of patients undergoing surgery as treatment for localized prostate cancer. These patients were also consented onto a separate IRB-approved sample acquisition laboratory protocol. Blood samples from untreated prostate cancer patients with localized disease (n ϭ 10) were acquired from patients undergoing radical prostatectomy. Healthy donor blood was obtained from volunteers (n ϭ 10).
Blood and Tissue Processing. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density gradient centrifugation using Lymphocyte Separation Medium (Mediatech) and Leucosep tubes (Greiner Bio-one ). Cells recovered from the gradient interface were washed twice in RPMI medium 1640 (Mediatech), counted, and immediately used for cytokine analysis, staining, and flow cytometry analysis. Fine needle aspirations (FNAs) of prostate tissues were washed twice with cold PBS supplemented with 2% BSA and 2 mM EDTA before performing cell surface and intracellular staining for ex-vivo flow cytometric analysis, as previously reported (12) . Flow Cytometry. Antibodies used for flow cytometry consisted of: CD3-FITC and CD4-PerCP-Cy5.5 (BD PharMingen), FOXP3-PE (eBiosciences, clone PHC101), ICOS-biotilynated (eBiosciences) conjugated with streptavidin-APCCy7 (BD Biosciences). Intracellular staining for FOXP3, TNF-␣, and MIP-1␤ were conducted as per manufacturer's guidelines. Samples were analyzed using the FACSCanto II (Becton Dickinson). Data were analyzed using BD FACSDiva software. Gates were set according to appropriate isotype controls.
Real-time PCR. Total RNA samples from tissues were isolated with the RNeasy kit (Qiagen). Reverse transcription was performed using the SuperScript III Reverse Transcriptase kit (Invitrogen). Real-time quantitative PCR was performed with the 7500 Fast Real-time PCR system (Applied Biosystems) according to the manufacturer's instructions. Samples were used as templates in reactions to obtain the threshold cycle (Ct) that were normalized with the Ct of GAPDH from the same sample (⌬Ct). To compare the relative levels of gene expression in different tissues, ⌬⌬Ct values were calculated with the ⌬Ct values associated with the lowest expression levels as 1. Fold induction was calculated using 2 ⌬⌬Ct . CD3-, IFN-␥, T-bet, and FOXP3 probes were synthesized with the Taqman Gene Expression Assay (Applied Biosystems). Other primers used were synthesized by Integrated DNA Technologies (IDT) and were used with the SYBR Green PCR Master Mix System (Applied Biosystems). Primers used for PCR included GAPDH sense: TGCACCACCAACTGCTTAGC; anti-sense: GGCAT GGACTGTGGTCATGAG; IL-2 sense: AAGTTTTTACATACCCAAGAAGG; antisense: AAGTGAAAGTTTTTGCTTTGAGC; IL-10 sense: TGGGGGAGAACC TGAAGAC; antisense: ACAGGGAAGAAATCGATGACA; GATA-3 sense:GCT-TCGGATGCAAGTCCA; antisense: GCCCCACAGTTCACACACT.
ELISPOT Assay to Detect T cell Responses to NY-ESO-1 Tumor Antigen. CD4 T cells were sorted from FNA material obtained from tissue samples as previously described (12) . To serve as antigen-presenting cells (APCs), PBMCs were depleted of CD8 ϩ and CD4 ϩ T cells and pulsed with a 10 M peptide pool consisting of synthesized (Multiple Peptide Systems) 20-mer overlapping peptides (amino acids 1-20, 11-30, 21-40, 31-50, 41-60, 51-70, 61-80, 71-90,  81-100, 91-110, 101-120, 111-130, 119 -143, 131-150, 139 -160, 151-170 , 161-180) encompassing the full-length NY-ESO-1 antigen. Pulsed APCs were added to the plates containing CD4 T cells obtained from tumor tissues and supplemented RPMI media. Sensitized CD4 T cells were then tested with target APCs without peptide or pulsed with peptide in ELISPOT assays as previously described (30) . Nitrocellulose plates (MultiScreen -HA; Millipore) were coated with IFN-␥ mAb (4 g/mL, 1-D1K; Mabtech) and incubated overnight at 4°C. The presensitized CD4 T cells and target APCs were added to each well and incubated for 20 h. Plates were then washed and IFN-␥ mAb (0.2 g/mL, 7-B6 -1-biotin; Mabtech) was added, incubated for 2 h at 37°C, washed again, and developed with streptavidin-alkaline phosphatase (1 g/mL; Roche). Substrate (5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium; Sigma) was added and plate membranes displaying dark-violet spots representing IFN␥-secreting T cells were counted with the CTL Immunospot analyzer and software (Cellular Technologies). ICOS-expressing CD4 T cells were also obtained after in vitro presensitization and T cell responses were visualized by intracellular cytokine (TNF-␣ and MIP-1␤) staining and compared to responses that were obtained in the absence of NY-ESO-1 peptides on APCs.
Immunohistochemistry. Immunohistochemistry was done on formalin-fixed paraffin-embedded tissues. Immunohistochemical staining was done for NY-ESO-1 and CD4 using monoclonal antibodies E978 as previously described (34) and 1F6 (Labvision), respectively. Five-micrometer sections were applied to charged slides (Superfrost Plus, Menzel), heated overnight, and then deparaffinized and rehydrated in xylene and a series of graded alcohols. Antigen retrieval was used for all stainings by immersing slides in a buffer solution preheated for 15-30 min in a steamer at 97°C. DAKO HipH solution was used for E978 as well as 1F6. Primary antibody incubation was done overnight at 5°C and the Powervision kit (Vision Biosystems) was used as a secondary reagent. Diaminobenzidine served as a chromogen, and hematoxylin was used for counterstaining. Hematoxylin-eosin (H & E) staining was used to evaluate all tissue specimen. Images were obtained with 20ϫ objective magnification.
Statistical Analyses. Data regarding CD4 ϩ FOXP3 ϩ regulatory T cells were compared between prostate cancer patients and healthy donors using the Wilcoxon rank-sum test to assess the differences in continuous variables between the two groups and P-values that were calculated to be less than 0.05 were considered statistically significant.
